A differential optical profilometry technique with picometre-range sensitivity is adapted to the non invasive measurement of the roughness inside hollow glass fibres by use of immersion objectives and index-matching liquid.
Context
Hollow core-photonic bandgap fibres (HC-PBGFs), in which a periodic cladding made of air holes allows light to be guided in a central air core, are of great interest as a potential transmission medium in next-generation optical communication systems. Their nonlinearity and latency are much lower compared to classical solid-core [1, 2] , and they offer reduced Rayleigh scattering and absorption by impurities or phonons. However, losses in these fibres are still one order of magnitude higher than in typical single mode fibres. Scattering at the numerous air/glass interfaces present in these structures has been identified as a major loss mechanism [3] . In particular, short spatial frequencies (i.e. below 1 µm -1 ) seem to have the highest impact on losses [4] . Longitudinally, roughness should therefore be characterized over distances of up to several hundreds of micrometers, a spatial scale which is currently inaccessible to Atomic Force Microscopy (AFM) measurements.
The glass surface inherits its roughness from the fluctuations of its past liquid surface. During the fibre drawing process, the vitreous liquid goes through a glass transition in which the surface capillary waves (SCWs) that are thermally excited in the liquid state are suddenly frozen. This fundamental thermodynamical process imposes the ultimate limit to roughness in glasses, and in HC-PBGFs in particular. The resulting roughness is extremely low. It is controlled by the competition between the thermal noise at the glass transition k B T G (where k B is the Boltzmann constant and T G the glass transition temperature) and the surface tension γ. Typical values of the RMS roughness amount to 0.4nm for amorphous silica.
Here, we show that a polarization-modulated differential profilometer allows the measurement of roughness of the inner surface of hollow silica capillary tubes (fibres) over hundreds of micrometers, with a picometer-range vertical precision [5] .
Experimental set-up: oil-immersion differential profilometry
Differential polarization interferometers use a laser beam which is split by a Wollaston prism into two arms carrying different polarizations. After reflection of the two laser spots corresponding to each arm and separated by a distance d, their interference yields a signal proportional to the optical path difference between the two beams, and therefore to the height difference D(x)=h(x+d/2)-h(x-d/2) between them (where x is the horizontal coordinate along the surface and h(x) the height profile). D(x) is measured while moving the sample along the x direction.
Here, we use a system inspired by Gleyzes et al. [6] in which a polarization modulation is introduced in order to take advantage of the high signal-to-noise ratios achieved with lock-in detection. The collimated laser beam, polarized at 45° with respect to the axes of the Wollaston prism, is divided into two arms carrying different polarizations. Each beam is then focused on the investigated surface to obtain two spots. After reflection on the sample, these beams are recombined in the Wollaston prism, exactly along their previous path if the Wollaston prism is in the focal plane of the microscope. The phase between the two components of the polarization is then shifted by φ = 2(φ w +φ s ), where φ w is the phase shift induced by the Wollaston prism, and φ s is the phase difference introduced in the propagation medium. After measurement with a photodiode, the resulting signal is processed by a lock-in amplifier. The use of oil immersion optics can eliminate unwanted reflections off the outer surface of the fibres, allowing the study of the inner structure of the fibre without having to open it, while previous approaches relied on a mechanical crushing or polishing of the fibre [3] to expose its inner structure.
This technique was quantitatively validated by comparison with AFM measurements of steps of known height etched in a silica substrate by Reactive Ion Etching. On flat silica substrates (float glass), the technique was also able to reveal the different roughness statistics of the sides exposed to tin or air during the fabrication process, in good agreement with the expected values.
Results
Direct measurements on the inner surfaces of hollow glass fibres have been performed using immersion differential profilometry. Two different samples have been studied: a hollow pure silica capillary tube of outer diameter 1350µm and another alumina-doped silica tube of outer diameter 950µm. 11 independent profiles have been measured on each of the two samples. The average power spectral densities of the differential signal obtained for the silica fibre and the alumina-doped fibre are displayed in Fig. 1 .The linear trend expected for frozen capillary waves is clearly visible in the range [5·10 -3 µm -1 -5·10 -1 µm -1 ], with a central value T G /γ = 450±200 for the silica fibre and T G /γ = 1400±500 for the alumina-silica fibre. These measurements clearly indicate a substantial difference in surface roughness for the two analyzed samples, which is attributed to their different compositions, since both the temperature of glass transition and the interface tension are expected to depend on composition.
This technique therefore allows a minimally invasive, sensitive, and quantitative roughness measurement inside pristine hollow glass fibres. Associated to the selective filling of the holes of the cladding, it therefore paves the way for the characterization of roughness inside PBGFs. 
